Abstract-The goal of this study was to produce biocompatible ceramic materials in the Ti-C-CoCa 3 (PO 4 ) 2 -Ag-Mg system by combustion mode synthesis. The influence of cobalt on combustion parameters of the mixture, structure, and properties of the products was investigated. Compact ceramics consist of a combined grain frame of nonstoichiometric titanium carbide (TiC 0.5 -TiC 0.6 ) with the titanium phosphate (Ti 3 PO x ) phase homogeneously distributed along grain boundaries and local isolations of calcium oxide (CaO). The introduction of cobalt promotes the formation of a complex phosphide CoTiP and TiCo intermetallic compound. Alloying with silver and magnesium leads to the formation of a silver-based solid solution.
INTRODUCTION
Titanium and its alloys are widely used in reconstructive surgery as materials of orthopaedic and tooth implants due to its useful properties such as biocompatibility, small specific weight, high mechanical strength, low toxicity, and corrosion resistance [1] [2] [3] . To functionalize the surface of metallic implants, various treatment methods of the surface are used to form composite functional-gradient coatings. Coatings of biocompatible materials improve osteointegration, stimulate the growth of new cells on the surface, and provide an antibacterial effect [4, 5] .
A promising direction in surface engineering is pulsed electrospark deposition (PED) technology [6] , which makes it possible to form an adhesion-strong layer due to the fusion of electrode and substrate materials in the pulsed discharge arc. One important problem in the development of such coatings is in the preparation of initial electrodes with the homogeneous distribution of metallic and nonmetallic components, which will provide the development of highquality functional coatings, simplify deposition processes, and increase their reproducibility and productivity.
Tricalcium phosphate (TCP)-Ca 3 (PO 4 ) 2 , the chemical composition of which is close to bone tissue components by the ratio of the number of atoms Ca/P, is a widely used bioactive material [7] . Calcium phosphate coatings increase the adhesion strength of implants with the bone surrounding them and enhance their ability to osteoinduction and osteoconduction [4, [8] [9] [10] . TCP can form a direct bond with the bone tissue and further be gradually substituted by a newly formed tissue to complete bone restoration for several weeks after the implantation [11] .
The authors of [12, 13] described the procedure of formation of ceramic electrodes from reaction mixtures Ti(Ta)-C-X% Ca 3 (PO 4 ) 2 at X = 10-30 wt % by self-propagating high-temperature synthesis (SHS) and investigated the structure and properties of synthesis products. The structure of such ceramics consists of rounded grains of titanium carbide (TiC 0.55 -TiC 0.6 ), titanium phosphate (Ti 3 PO x ), and calcium
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oxide (CaO). The sizes of structural components decrease, the hardness lowers, and residual porosity of formed SHS products rises with an increase in the Ca 3 (PO 4 ) 2 concentration.
The authors of [4] noted that the TiC 0.5 -Ti 3 PO xCaO electrode material possesses a lower transfer coefficient during the PED when compared with the Ti-Ti 3 P-CaO sintered metal ceramics. This led to a comparatively low deposition rate and nonuniform distribution of structural components over the thickness of electrospark coatings when using the SHS electrode. An increase in the material erosion ability is possible by increasing the melt contribution during the PED in connection with the higher reaction ability of liquid when compared with the solid phase [15] . Thus, the formation of electrodes containing a relatively low-melting metallic binder which wets the titanium carbide grains well and possesses biocompatibility is a promising task.
The formation of biocompatible materials in the Ti-Co system for orthopaedic and dental implants is described in publications [16] [17] [18] [19] . The authors of [18] studied the SHS padding of the Ti-Co composite material on the surface of a VT-1 titanium alloy. It is established that pores and other defects are absent in the contact zone of the melt with the Ti surface, which evidences its good wetting with the Ti-Co melt. The addition of hydroxyapatite (HAP) in an amount of 10% at the preparation stage of the reaction mixture improves the biocompatibility and formation of a more branched porous structure of the SHS material. This improves cellular adhesion and intensifies the growth of new cells on the implant surface [20] .
The acquisition of an additional bactericide effect of the implant surface considerably decreases the risk of microbial infection during its integration with living tissues [5, 21] . To acquire antibacterial properties, bulk materials and coatings are alloyed with silver. Herewith, the bactericide effect is attained due to the destruction of the cellular membrane and variation of the ferment function due to the absorption of Ag + ions by the cell as material contacts the biological medium of the organism [21] [22] [23] . The higher the release rate of Ag + ions into the surrounding medium is and the longer this process is, the stronger the antibacterial effect of the material is. The addition of silver in an amount of 1.0-3.5% lowers the number of bacterial colonies, decreases the adhesion of bacteria, and promotes a considerable antibacterial and sterilization effect with the conservation of bioactive properties of bulk materials and coatings [24, 25] . However, the use of materials with a high content of a bactericide component can lead to the appearance of a negative toxic effect with respect to healthy organism cells.
An additional requirement for the coatings is the presence of bioresorbability, which imposes gradual dissolution under the effect of the organism medium. To intensify this process, Ca 2+ cations of HAP in [26] [27] [28] were partially substituted by magnesium cations Mg 2+ , which promoted an increase in the dissolution rate. The addition of Mg 2+ and Zn 2+ cations in an amount of 2 mol % considerably improves the adhesion of osteoblasts when compared with pure HAP. However, a higher Mg 2+ content led to the opposite effect [28] .
This study was aimed at fabricating ceramic-metal electrodes from Ti-C-Ca 3 (PO 4 ) 2 -Co-Ag-Mg mixtures for the subsequent electrospark deposition of bioactive coatings possessing an antibacterial effect.
EXPERIMENTAL
We used powders of titanium (PTS grade), technical carbon black (P804-T), cobalt (PK-1), silver (PS-3), magnesium (MPF-3), and tricalcium phosphate β-Ca 3 (PO 4 ) 2 .
Compositions of reaction mixtures were calculated starting from the equation (90 -X)%(Ti + 0.5C) + 10% Ca 3 (PO 4 ) 2 + X% Co, where X is the charging parameter equal 0, 10, 20, and 30% (Table 1) . To impart the antibacterial effect to coatings, Ag and Mg in a total amount of 4 at % were introduced into the composition of the reaction mixture with parameter X = 20% as calculated for the formation of the AgMg equiatomic intermetallic compound.
Mixtures were prepared in a ball rotary mill with steel drums of 250 mL in volume with the ratio of weights of the charge and milling bodies of 1 : 6 for 8 h.
Combustion temperatures of reaction mixtures were measured using a laboratory investigatory SHS reactor according to standard procedures [12, 13] . Cylindrical briquettes with a relative density of 60% were compacted from the reaction mixture. The SHS reaction was initiated by a heated tungsten coil. To determine the combustion temperature (T c ), the VR5/VR20 W-Re thermocouple established inside the briquette in a hole ~5 mm in depth was used. The combustion rate (U c ) was measured using high-speed video filming with the help of a WV-BL600 camera (Panasonic, Japan) with a macroscopic lens under a magnification of 15.
Compact materials were fabricated according to the technology of forced SHS pressing in a "sand" mold according to the procedure [12, 13, 15] . The samples for structural studies were cut from the central part of synthesized billets using an electroerosion machine.
The phase composition was investigated by X-ray diffraction (XRD) using monochromatic CuK α radiation. Recording was performed in the step-by-step scanning mode in angle range 2θ = 10°-110° with a recording step of 0.1° under exposure of 6 s for each point. The spectra were processed using the JCPDS data file. The microstructure of the samples was investigated using an S-3400 scanning electron microscope (Hitachi, Japan) equipped with a NORAN energy dispersion spectrometer. The density was measured by hydrostatic weighing using an AND1 analytical balance of the GR-202 grade (A&D, Japan) with the measuring accuracy of 10 -4 g. The real density of compact samples was determined using an AccuPyc 1340 helium pyknometer (Micromeritics, United States). The residual porosity was calculated starting from the values of relative density, which was determined as the ratio of the experimental (hydrostatic) density to the real density of the compact material. Hardness was measured according to Vickers using an HVS-50 digital hardness meter (Time Group Inc., China) under an indenter load of 10 kg.
RESULTS AND DISCUSSION Figure 1 shows thermograms recorded for mixtures X20 and X21. Combustion wave profiles have a typical character: an abrupt rise from initial temperature (T 0 ) to final temperature (T c ) and then gradual lowering in the after-combustion zone. The introduction of an inert additive of silver and magnesium does not change the character of the combustion wave. Table 2 shows the experimental values of combustion temperature (T c ) and rate (U c ) of mixtures under study (at T 0 = 298 K). It is seen that an increase in charging parameter X led to a decrease in values of T c and U c , which is caused by a decrease in the contribution of reaction Ti + 0.5C and additional heat losses for heating and melting of cobalt. A similar decrease in T c and U c is observed upon introducing Ag and Mg, which is also explained by heat losses for heating these components.
The phase composition of synthesis products is presented in Table 3 and Fig. 2 . Phases of titanium carbide TiC x and calcium oxide CaO are present in all products. Carbides correspond to stoichiometry TiC 0.5 (for X = 0%) and TiC 0.6 (for X = 30%) according to calculated values of the lattice parameter of TiC x (0.4302-0.4314 nm) [29] . When introducing cobalt, titanium partially reacts with the formation of the TiCo intermetallic compound, while an increase in the cobalt content to X = 30% leads to the formation of the second intermetallic compound TiCo 2 of the cubic modification. The interaction of titanium with cobalt and tricalcium phosphate (TCP) results in the shift of ratio Ti : C towards more stoichiometric titanium carbide with an increased lattice parameter.
By its structural type, titanium phosphate Ti 3 PO x coincides with the tabulated value for Ti 3 PO 0.58 , although the calculated lattice constants are noticeably larger that tabulated a = 0.3293 nm, b = 0.9897 nm, and c = 0.7714 nm (ICDD card no. 87-2178). Complex titanium and cobalt phosphite CoTiP is formed in the samples with the cobalt content of 20 and 30% instead of the Ti 3 PO x phase. Herewith, the content of this phase remains almost invariable, but a decrease in lattice parameters is observed. The forming TiCo phase possesses a rather wide homogeneity region, which varies from 48.5 to 54.5 at % Co at 873 K. Ratio Ti : Co shifts toward the higher cobalt content with an increase in X: calculated values of the lattice parameter of TiCo decrease in this case (0.3000-0.2969 nm) and correspond to TiCo 0.97 (at X = 10%) and TiCo 1.22 (at X = 30%) [30] . When introducing 30% Co, the intermediate TiCo 2 intermetallic compound with the lower melting point is formed.
When adding a mixture of silver and magnesium into the reaction mixture (sample X20-1), the Ag-based substitutional solid solution with a cubic lattice and calculated lattice parameter 0.4107 nm, which strongly exceeds lattice parameter for Ag (a = 0.4086 nm), is additionally present in synthesis products [31] . Such an increase in the lattice parameter can be associated with the dissolution of magnesium, which possesses a large atomic radius. Herewith, the maximal solubility of Mg in Ag is ~29.2 at % at the eutectic temperature of 1032 K [32] . Magnesium has a high vapor pressure and low boiling point (1380 K) [33] , which leads to its partial evaporation at the combustion temperature and shift of the stoichiometry of the Ag-Mg solid solution into the silver-enriched region. It is seen from Fig. 3 that SHS products represent the bound skeleton of rounded titanium carbide grains with the titanium phosphate Ti 3 PO x phase uniformly distributed along grain boundaries (for products from mixture X0, X10) or CoTiP complex phosphide (for cobalt-containing samples X20, X30) and local isolations of calcium oxide CaO in intergrain spacings. The TiCo intermetallic compound is present in synthesis products in addition to phosphide CoTiP. When studying the microstructure of sample X30 in detail (Fig. 3d) by energy-dispersive spectroscopy (EDS), TiCo and TiCo 2 phases were found in the metallic binder, which is confirmed by XRD data. It was shown previously that the melt based on cobalt and titanium wets titanium carbide grains well due to a low wetting angle (25°), thereby violating the connectivity of the carbide skeleton [34] . This results in each TiC grain being surrounded with a cobalt-based interlayer.
The presence of cleavages and cracks inside titanium carbide grains is seen in the microstructure of samples with a low cobalt content (up to 10%). The cause of such defects can be the mismatch of thermal expansion coefficients of structural components, which leads to thermal stresses in conditions of rapid cooling of combustion products [15] . A similar effect was observed in [35] , where the TiB 2 -B 4 C composite material was fabricated from the mixture of titanium, boron, and carbon powers by the SHS method. An increase in the cobalt concentration in the mixture up to 30% promotes the stress relaxation and substantial refining of the structure of synthesis products. The average grain size of titanium carbide in the sample from mixture X0 is 6.5 μm, while that at X = 30% is about 2.5 μm. This effect is caused by a decrease in quantity T c and an increase in the thermal diffusivity of products with an increase in X, which leads to their accelerated cooling. In addition, an increase in titanium carbide stoichiometry is observed with the rise of parameter X, which retards the diffusion processes of carbide recrystallization through the melt and the recrystallization of carbide grains in the after-burning zone.
The additional introduction of silver and magnesium into the charge (mixture X20-1) promotes a further decrease in the average grain size of titanium carbide when compared with the sample of mixture X20. This is a result of lowering T c to 2085 K. Figure 4 shows the microstructure of the sample from mixture X20-1 and distribution maps of elements are shown. Bright segments up to 6 μm in size are identified as the silverbased phase. To determine its composition, we recorded the EDS spectrum from ten inclusions of the Ag-containing phase from 4 to 6 μm in size. The presence of dissolved magnesium in limits of 10.5-12.5 at % is established in this phase, which corresponds to the AgMg x solid solution, where x = 0.12-0.14 [32] . The results of investigations are confirmed by distribution maps of elements, where silver-enriched regions coincide with the magnesium distribution regions. Table 4 shows certain physical properties of compact synthesis products such as hydrostatic (ρ hydr ) and real (ρ pyk ) measured using the helium pyknometer) densities, residual porosity (P res ), average grain size of the carbide phase (D av ), and hardness (HV). The product from mixture X20-1 has the smallest residual porosity. Silver and magnesium, as the lowest-melting components in the system ( = 1233 K and = 923 K), improve the melt fluidity and deformability of synthesis products [15] . The regular tendency of Table 4 .
When summarizing, we can state that the SHS method is promising to fabricate the electrodes intended for the pulsed electrospark deposition of bioactive coatings. The results of our study will make it possible subsequently fabricate surface-modified titanium implants with a developed surface profile for orthopedics, maxillary-cranium-facial surgery, and backbone surgery with improved bioactivity and bactericidal action. Working out the deposition modes of coatings, as well as the development of evaluation methods of biocompatibility, bioactivity, and bactericidal properties of new materials, is a topical task in the field of medicine, which will be the subject of further investigations.
CONCLUSIONS
(i) An increase in the cobalt content in the reaction mixture led to a decrease in combustion temperature and rate. A similar decrease in T c and U c is observed upon introducing an inert additive of Ag and Mg; herewith, the character of the combustion wave profile remains invariable.
(ii) The microstructure of SHS materials is a bound skeleton of grains of nonstoichiometric titanium carbide TiC x with the Ti 3 PO x titanium phosphate phase (for the samples without cobalt or with its low content) or CoTiP phosphide (for samples with a high cobalt content) uniformly distributed along the grain boundaries and local isolations of calcium oxide CaO. The TiCo intermetallic compound is present in the binder composition in samples with the cobalt additive in addition to CoTiP complex phosphide. The introduction of silver led to the formation of a silverbased solid solution with the composition AgMg x , where x = 0.12-0.14. 
